nsulated concrete panels are composed of two concrete layers with rigid insulation between them. These panels provide thermal and acoustic insulation and protect buildings from moisture ingress. Prefabricated insulated concrete panels are widely used in North America as a cladding system and are subject to out-of-plane wind and seismic loads. According to American and Canadian codes for the design of concrete structures and precast concrete wall panels, 1-4 the interaction between concrete layers should be considered in the design of insulated concrete panels.
I
nsulated concrete panels are composed of two concrete layers with rigid insulation between them. These panels provide thermal and acoustic insulation and protect buildings from moisture ingress. Prefabricated insulated concrete panels are widely used in North America as a cladding system and are subject to out-of-plane wind and seismic loads. According to American and Canadian codes for the design of concrete structures and precast concrete wall panels, [1] [2] [3] [4] the interaction between concrete layers should be considered in the design of insulated concrete panels.
Under out-of-plane loading, insulated concrete panels may behave as noncomposite, partially composite, or fully composite panels. 5 In a noncomposite panel, each concrete layer independently resists the out-of-plane bending moments. The plane sections remain plane across the cross section of each concrete layer but not across the cross section of the entire panel. There is no compatibility of strains between the layers. Alternatively, in a fully composite panel there is full compatibility of strains between individual concrete layers; that is, plane sections remain plane across the entire depth of the panel. Any insulated panel with out-of-plane behavior between fully composite and noncomposite behaviors is called a partially composite panel. 5 The out-of-plane flexural strength and stiffness of an insulated concrete panel are improved by increasing its degree of composite action.
■ Z-shaped steel plate connectors possess high in-plane shear strength and stiffness and have recently been used in insulated precast concrete panels to mobilize composite out-of-plane behavior.
■ In this study, 11 push-off shear tests were conducted to investigate the shear behavior of Z-shaped steel plate connectors.
■ A simplified plate model and a tension tie model are proposed to estimate the shear strength and stiffness of Z-shaped steel plate connectors with acceptable accuracy.
Characterization of the shear behavior of Z-shaped steel plate connectors used in insulated concrete panels Nabi Goudarzi, Yasser Korany, Samer Adeeb, and Roger Cheng a strip of steel sheet cold bent into a Z shape ( Fig. 1) and is referred to as a Z-shaped steel plate connector in this paper. The connector's flanges and parts of the connector's web are embedded in the concrete layers. The connectors are oriented such that the interlayer shear forces act along the width of the connectors W (Fig. 1) . The interlayer shear forces of the insulated concrete panels with Z-shaped connectors are resisted by the in-plane shear strength of the connectors' webs.
This paper reports the experimental results of 11 push-off shear tests conducted on three-layered insulated concrete panels tied together using the Z-shaped connectors. The effects of the connectors' width and thickness, connectorconcrete debonding, and concrete cracking on the shear behavior of the investigated connectors are discussed. The experimental results were compared with predictions from simplified analytical models, and recommendations are provided for estimating the shear strength and stiffness of the Z-shaped steel plate connectors using the proposed analytical models. This study shows that under shear forces, Z-shaped steel plate connectors reach their theoretical plastic shear strengths, making them more structurally efficient than comparable steel truss and grid connectors.
Experimental investigation
There is no standard shear test method to examine the shear behavior of interlayer mechanical connectors. To assess the shear behavior of the Z-shaped steel plate connectors, push-off shear tests were conducted similar to those conducted by other researchers. 11, 14 The push-off shear test specimens consisted of three concrete layers encasing two layers of insulation (Fig. 2) . The concrete layers were connected to each other by Z-shaped connectors, and a vertical load P was applied on the middle concrete layer to push it down relative to the side concrete layers to exert shear force V on each connector (Fig. 2) . This shear force is equal to 0.5P, found by the static equilibrium of the middle concrete layer in the vertical direction. The vertical displacement Δ v of the middle concrete layer is equal to the shear deformation of the connectors.
Eleven push-off shear tests were conducted on four groups of Z-shaped steel plate connectors of varying widths and thicknesses. Each connector group is designated hereafter as SHW-g, where W is the width of the Z-shaped steel plate connectors in inches and g is the gauge number of the steel sheet. Table 1 shows the geometric and material properties of each connector group and the number of specimens for each group. Individual specimens are referred to as SHW-g-#, where # is the specimen number. Due to construction errors, the connectors in specimens SH6-16-2 and SH4-10-3 had insufficient embedment depths, which resulted in premature failure. The results of these two specimens are reported in this paper but are not used in deriving conclusions. During concrete casting,
The degree of out-of-plane flexural composite action significantly depends on the transfer of shear forces between the concrete layers of these panels. 6 These interlayer shear forces transfer through interface bonding between the concrete and the insulation layers and shear behavior of interlayer mechanical connectors. For design purposes, because the interface bonding degrades over time, only the interlayer mechanical connectors should be considered to transfer the interlayer shear forces. 7 Hence, the shear response of interlayer mechanical connectors should be optimized to maximize the out-of-plane composite action of insulated concrete panels.
Mechanical connectors that mobilize partially composite or fully composite action in insulated concrete panels are called shear connectors. 5 These connectors are commonly made of concrete, steel, and fiber-reinforced polymers (FRPs). 5 Concrete shear connectors are solid concrete zones that penetrate the insulation to connect the concrete layers. These solid concrete zones have high shear strength and stiffness and mobilize fully composite behavior in the concrete panel. 8, 9 However, solid concrete zones increase the weight of the panels and create significant thermal bridging between the concrete layers, reducing the thermal efficiency of the panel. 6 Different types of steel shear connectors include truss connectors and expanded metal connectors. 6, 10 In these connectors, the compression chords undergo buckling under large interlayer shear forces; these forces are then redistributed among the tensile chords. 11, 12 The tensile chords undergo yielding with increased loading and show ductile behavior. 12 When the thermal insulation is a primary design consideration, FRP connectors are used in insulated concrete panels. The common types of FRP shear connectors include grid connectors and pin connectors. 6, 13 The failure mechanism of grid connectors is buckling of the compression chords and rupture of the tensile chords.
14 Therefore, these connectors, unlike steel truss connectors, exhibit brittle shear behavior. 6 The failure mechanism of composite pin connectors is laminar fracture of the connector and tensile rupture of the fibers at the concrete interface. 6 These connectors have lower shear strength but higher ductility than grid connectors. 6 Steel truss connectors and FRP grids have higher shear strength and stiffness than expanded metal connectors and composite pin connectors. The experimental investigation by Naito et al. 6 showed that steel truss connectors have 42% higher shear strength than carbon FRP grid connectors. However, the shear strength of the steel connectors is affected by buckling of the compression chords. 11, 12 Thus, the steel connectors do not mobilize the full theoretical plastic strength of their material.
A new shear connector for insulated concrete panels is under development. This new shear connector consists of to provide enough embedment depth to accommodate one connector on each side. The concrete layers were reinforced with three Grade 60 (414 MPa), no. 3 (10M) reinforcing bars (Fig. 3) .
The Z-shaped steel plate connectors in these push-off shear tests were oriented such that the vertical load P, and thus the shear force V, were along the width of the connectors; this orientation made V an in-plane shear force on each connector (Fig. 2) . This connector orientation was chosen to obtain the maximum shear capacity of the tested Z-shaped connectors. The connectors' flanges and parts of the connectors' webs were embedded inside the concrete layers (Fig. 2) . This embedment depth was about 1.5 in. (38 mm), and the flanges were tied to the middle reinforcing bars (Fig. 4) . In the side concrete layers, the flanges of the connectors were hooked to the reinforcing bars, but in the middle concrete layer the placement of bars was such that the flanges could not be hooked to the reinforcing bars ( Fig. 3 and 4) . The unembedded part of the connectors' one of the connectors in SH6-16-3 shear test specimen was dislodged such that this specimen could not be tested. Therefore, in the analysis of the experimental results, only two replicas of SH4-10 and one specimen of SH6-16 are compared with shear specimens of other connector groups. Because there is only one SH6-16 specimen, no conclusion is drawn from its results. The results of this one specimen are reported, and they follow the same trend as all other test groups. Figure 3 shows the structural details of the push-off shear test specimens in this study. The concrete layers of all shear test specimens were made with the same concrete mixture proportions with a water-to-cement ratio of 0.45. The thickness of the concrete layers of the insulated concrete panels varies between 2.0 and 4.0 in. (51 and 100 mm). In this experimental program, the thicknesses of the side and middle concrete layers were 3.0 and 6.0 in. (76 and 150 mm), respectively (Fig. 3) . The middle concrete layer was twice as thick as the side concrete layers eliminate unwanted shear paths through insulation-concrete bonding. Figure 4 shows the test setup of the push-off shear test specimens. These test specimens were placed on a steel pedestal, and the middle concrete layer was pushed down by a hydraulic jack. Because the shear connectors have low torsional stiffness, the middle concrete layers of the specimens were prone to twisting about the length of the connectors, which reduces the in-plane shear capacity of the Z-shaped connectors. Therefore, this twisting was restrained by a wooden containment box (Fig. 4) . The vertical displacement of the middle concrete layer was recorded by one cable displacement transducer on each side of the middle concrete layer (Fig. 4) . Each cable transducer was hooked to a threaded rod that was screwed into the middle concrete layer using a drop-in anchor. A 1.0 in. (25 mm) steel plate was placed over the middle concrete layer to web length L was equal to the thickness of the insulation (Fig. 3) .
The thickness of insulation commonly varies from 1.0 to 3.0 in. (25 to 76 mm). Bunn 14 showed that thicker insulation results in lower interlayer shear strength and stiffness. In this study, the insulation thickness was taken as 3.0 in. to evaluate the lowest shear strength and stiffness of the Z-shaped steel plate connectors that can be mobilized in common practice. The insulation material is commonly either extruded polystyrene or expanded polystyrene. The insulation of the test specimens in this study consisted of one 2.0 in. (51 mm) layer of extruded polystyrene foam panel and one 1.0 in. layer of grooved extruded polystyrene bead board intended to allow rainwater to drain out of the panel (Fig. 3) . This combination is one of the insulated concrete panel systems that is currently used. Plastic sheets were laid between concrete layers and insulation to 
Load transfer mechanism
Insulation is removed for clarity. Note: E = tensile modulus of elasticity; f u = ultimate tensile strength; f y = yield tensile strength; t = thickness; W = width; τ y = yield shear strength. 1 in. = 25.4 mm; 1 ksi = 6.89 MPa .
* One specimen in this group had premature failure, and one specimen was not testable due to construction errors. † One specimen in this group had premature failure due to construction errors.
distribute the jack's load over the middle concrete layer (Fig. 4 ). This distributor plate was leveled on the middle layer using plaster of paris.
The compressive strengths of concrete at 28 days and at the testing day of each specimen were measured by compression testing of 4.0 × 8.0 in. (100 × 200 mm) concrete cylinders in accordance with ASTM C39/C39M-14. 15 The 28-day compressive strength, secant modulus of elasticity, and Poisson ratio of the concrete were 6058 psi (41.77 MPa) with a 4% coefficient of variation, 3549 ksi (24.47 GPa), and 0.171, respectively. Table 2 gives the compressive strengths of concrete at the testing day of each specimen. Also, the results of 11 split tests on the same size concrete cylinders in accordance with ASTM C496/496M-11 16 showed the 28-day tensile strength of concrete to be 555 psi (3.83 MPa) with a 12.6% coefficient of variation. Three tensile tests of steel coupons from each connector group, totaling 12 coupons, were conducted in accordance with ASTM A370-15.
17 Table 1 gives the modulus of elasticity, yield tensile strength, and ultimate tensile strength of the steel coupons. In this table, the yield shear strength of steel τ y is calculated using the von Mises yield criterion as
where f y = yield tensile strength of the steel used in Z-shaped steel plate connectors
The yield tensile strength and ultimate tensile strength of steel for the four connector groups vary significantly, which affects the stiffness and strength of the tested Z-shaped steel plate connectors (Table 1) . To assess the effects of width and thickness on the shear behavior of the Z-shaped steel plate connectors, the effect of differences in the material properties was eliminated by taking the ratio of the experimental shear strength and stiffness to their estimated values. This method is explained later. Figure 4 . Construction of the shear test specimens and test setup of push-off shear tests.
Construction of shear test specimen Shear test setup

Experimental results and discussion
The vertical load P on the middle concrete layer of a shear test specimen induces in-plane shear force V, equal to 0.5P, on each connector of the test specimen (Fig. 2) . Figure 5 shows V compared with the vertical displacement ∆ v of the middle concrete layer for the conducted push-off shear tests. As mentioned earlier, ∆ v is equal to the shear deformation of each connector. Specimens SH6-16-2 and SH4-10-3 show premature failure, which is caused by insufficient embedment depth of the Z-shaped connectors in the concrete layers due to construction errors. For all of the tested connector groups, the shear force increases almost linearly with the vertical displacement, then it becomes nonlinear until the maximum shear force is reached. The maximum shear force is taken as the experimental shear strength V r , after which the shear force gradually decreases (Fig. 5) . Table 2 shows the experimental shear strength V r for each shear test specimen and the average V r and its coefficient of variation for each connector group. Because the yield and ultimate tensile strengths of the steel in these shear tests were different, the experimental shear strength of the shear connectors cannot be directly compared. To eliminate the effect of difference in material properties of the Z-shaped connectors, the ratios of V r to the estimated shear strengths of the connectors are compared later. Figure 5 shows that as the width and thickness of the connector are increased, its plastic shear deformation is improved. The V-∆ v graphs for all of the test specimens do not show distinct yield shear strength. This is more pronounced in SH3-16 test specimens and specimen SH4-16-3, where the V-∆ v behavior gradually decreases in slope throughout loading until it reaches its shear strength V r . For all connector groups, after the peak shear strength the shear force decreases to some shear force level and remains constant with increased ∆ v . This maintained shear force capacity is hereafter called residual shear strength. The residual shear strength of every tested connector group is more than 60% of its maximum shear strength (Fig. 5 ).
The V-∆ v graphs for both specimens SH4-10-1 and SH4-10-2 show rapid drops about and after the maximum shear strength. The same pattern of sudden drops with less intensity is also observed in the post-peak V-∆ v behavior of specimen SH6-16-1. However, there are no sudden drops in the V-∆ v behavior of specimens SH3-16 and SH4-16. This ragged pattern can be understood by the load transfer mechanism between the Z-shaped connectors and the concrete layers. Because the flanges and parts of the web of each connector were embedded inside the concrete layers, the ends of the web were restrained against in-plane rotation. Thus, the in-plane shear forces in the connector produce in-plane bending moments at the ends of the connector's web (Fig. 2) . These in-plane bending moments in the connector's web induce in-plane tensile stresses in some regions of the connector's web. These in-plane tensile stresses tend to pull the connector's flanges out of the concrete layers. The connector-concrete connection resists this pull-out effect by two mechanisms. The first is = concrete compressive strength; K exp = experimental secant shear stiffness; n/a = not applicable; V r = experimental shear strength; τ y = yield shear stress. 1 kip = 4.448 kN; 1 kip/in. = 0.175 kN/mm; 1 psi = 6.895 kPa. * The third specimen of this connector group was not testable due to construction errors. † Not considered in averaging due to premature failure of the specimen caused by construction errors.
resistance of the connector-concrete connection. However, an increase in the connector's thickness does not change the size of the concrete block confined by the connector's flange and does not improve the breakout resistance of the connector-concrete connection. Therefore, when the width of the connector is increased, larger forces and bending moments are transferred to the concrete through the connector-concrete connection with improved resistance. However, when the thickness of the connector is increased, larger forces and bending moments are transferred to the concrete through the connector-concrete connection with unimproved resistance, which intensifies cracking around the connection. Therefore, an increase in the thickness-towidth ratio t/W of Z-shaped connectors intensifies concrete cracking around the connector-concrete connection. If the thickness of the connector is excessively increased, the failure of the connector-concrete connection governs the shear behavior of the Z-shaped connector.
The intensified cracking due to increased t/W of the conthe bonding between the connector and the concrete, and the second is the breakout resistance of the concrete block confined by the connector's flange and the embedded part of the connector's web (Fig. 2) . This breakout resistance is improved if the flange of the connector is hooked to the reinforcing bar. Because these connectors have smooth surfaces, the connector-concrete bonding is weak and therefore diminishes at early stages of loading. Therefore, at increased loading, the breakout resistance of the confined concrete is the primary resistance of the connectorconcrete connection.
Increase in the width and thickness of the Z-shaped connector improves its shear stiffness, so larger forces and bending moments are transferred to the connector-concrete connection. However, increasing the width and thickness of the connector does not have the same effect on the resistance of the connector-concrete connection. Increasing the connector's width enlarges the size of the concrete block confined by the connector's flange, improving the breakout After the push-off shear tests, the insulation was removed and the connectors were observed to have undergone buckling deformation, forming a tension tie along the tensile diagonal of the unembedded part of the connectors. This buckling form indicates that the connectors developed a tension-field mechanism. This might have caused the residual shear strength of the connectors at increased loading observed in V r -∆ v behavior of the shear test specimens (Fig. 5) .
Analytical investigation
Two analytical models were investigated to estimate the shear strength and stiffness of the Z-shaped steel plate connectors. The first model is a simplified plate model, in which the unembedded part of the web is considered a plate with length L and width W that is fixed against rotation at its two ends (Fig. 7) . In this model the in-plane bending moments within the elastic region are assumed to produce in-plane normal stresses with a linear distribution across the plate width, and in-plane shear forces are assumed to produce in-plane shear stresses with a uniform distribution across the plate width. In this study the simplified plate model is adopted to estimate the yield shear strength, plastic shear strength, and the initial shear stiffness of the Z-shaped connectors.
The second model investigated here is the tension tie model, in which the connector was idealized as a tension tie along the tensile diagonal of the connector. The effect of the compressive diagonal strut was assumed to be negligible due to buckling of the Z-shaped steel plate connectors observed after the tests. This model was adopted to calculate the shear stiffness of the Z-shaped connectors.
Simplified plate model
In this model the shear behavior of the unembedded part of the web of the Z-shaped connectors is assumed to resemble the shear behavior of a plate with length L, width W, nector is demonstrated by sudden drops in V-∆ v behavior of SH4-10 test specimens (Fig. 5) . The thickness of SH4-10 connectors are 2.2 times the thickness of SH3-16 and SH4-16 connectors, and thus transferred larger forces and bending moments to the concrete, but the resistance of the connector-concrete connection remained unchanged. This resulted in concrete cracking around the connection, hence the sudden drops in the shear forces carried by the connectors.
The shear stiffness of the Z-shaped connectors should be determined to estimate the out-of-plane deflection of the insulated concrete panels with Z-shaped connectors under out-of-plane service loads. These estimated out-of-plane deflections should then be compared with the deflection limits required by the design codes and standards. [1] [2] [3] [4] For these push-off tests, the experimental secant shear stiffness K exp is derived using the secant shear stiffness from zero shear force to the shear force level corresponding to the service wind load, which is V r /1.6, where the factor 1.6 is the ratio of strength-design wind load to servicedesign wind load based on the 2015 International Building Code.
18 Table 2 shows the experimental secant shear stiffness K exp for all of the shear test specimens and the average K exp and its coefficient of variation for each Z-shaped connector group. For connector groups SH3-16, SH4-16, and SH6-16, the only variable is the connector width W. For connector groups SH4-16 and SH4-10, the only variable is the connector thickness t. Table 2 shows that K exp increases with the width and thickness of the Z-shaped steel plate connectors. (Fig. 6 ). For example, the cross-sectional area of SH4-16 is 33% larger than that of SH3-16, while K exp of SH4-16 is 91% greater than that of SH3-16. The cross-sectional area of SH4-10 is 100% larger than that of SH4-16, but the K exp value of SH4-10 is only 68% greater than that of SH4-16. This shows that an increase in the thickness of the connectors has a smaller impact on K exp than an increase in the width. This may be attributed to the effect of thickness on load-transfer mechanism, as explained previously. Connectors with increased width W transfer larger forces to the concrete layers while improving the resistance of the connector-concrete connection. However, connectors with increased thickness t transfer larger forces to the concrete layers but do not improve the resistance of the connector-concrete connection. This intensifies concrete cracking around the connector-concrete connection, reducing the shear stiffness of the thick Z-shaped connectors. Therefore, an increase in t/W of Z-shaped connectors intensifies the effect of the connector-concrete connection on the secant shear stiffness of the Z-shaped connectors. This argument seems to be valid because the aforementioned differences in the shear stiffness among the Z-shaped connector groups are greater than the fied plate model resembles a Bernoulli beam with length L (Fig. 7) . Hence, the maximum in-plane bending moment M is equal to 0.5VL, and the normal stresses σ xx are equal to M divided by the section modulus of the cross section of the web. Therefore the following calculations can be made:
If V is replaced by V y , VM , which represents the yield shear strength of the connector based on the von Mises yield criterion, and the expressions for τ xy and σ xx are substituted in Eq. (1), the following equation can be derived.
where f a = maximum normal stress due to in-plane (Fig. 7) . The vertical load P in the push-off tests induced in-plane shear forces and bending moments in the unembedded part of the connector's web. The critical locations of the web were the two ends of the unembedded part of the web that were under the combined effects of the in-plane shear force V and the in-plane bending moment M (Fig. 7) . The V and M were acting on the cross section of the web A (Fig. 7) . In the simplified plate model, the von Mises yield criterion was used to calculate the theoretical yield shear strength V y , VM of the Z-shaped steel plate connectors. For a general state of stress in steel, the von Mises yield criterion predicts yielding of the material when the von Mises stress σ VM reaches the yield tensile strength f y . This yield criterion is expressed in Eq. (1). . .
(7)
Tension tie model
Based on the observed buckling shape of the Z-shaped connectors, a tension tie model is proposed to estimate the shear strength and stiffness of the connectors. This model assumes a tension tie along the diagonal of the unembedded part of the connector's web (Fig. 7) . The thickness of this tension tie is equal to the thickness of the Z-shaped connector, and the effective width of the tension tie is b tie . The length of the tension tie is equal to the diagonal length of the unembedded part of the connector's web D, therefore D has the following relationship with W and L ( Fig. 7) :
= +
The maximum shear strength of the connector is assumed to have been reached when the cross section of the tension tie is at tensile yield stress, which leads to Eq. (8) .
where V tie = shear strength based on the tension tie model θ = tension tie angle with the vertical
The effective tension tie width b tie was determined using the experimental results, and an equation was derived to relate b tie to W and L (Fig. 7) . The lateral stiffness of the tension tie can be used to calculate the initial shear stiffness of the connector K tie using Eq. (9) .
The simplified plate model was also used to estimate the secant shear stiffness of the connector as a ratio of the initial shear stiffness of the plate K pl , which is calculated in Eq. (3). The theoretical plastic shear strength of the plate model was estimated using the Tresca yield criterion. That is, the normal and shear stresses along the width of the plate are assumed to have reached f y and yield shear stress 0.5f y based on the Tresca yield criterion. As presented by Drucker, 19 this criterion can be used to calculate the lower-and upper-bound plastic strengths of a rectangular plate under combined uniaxial bending moment and shear force. Using the equations given by Drucker, 19 the lower-and upperbound plastic shear strengths of the Z-shaped connectors V lb and V ub are calculated by Eq. (4) and (5), respectively. Alternatively, it is suggested that a tension tie model be used to estimate the shear stiffness of the Z-shaped steel plate connectors (Eq. [9] ) because this model is based on the observed buckling behavior of the tested Z-shaped steel plate connectors. Table 3 shows the lower-and upper-bound plastic shear strengths of connectors V lb and V ub , and Fig. 5 plots them over the V-∆ v graphs. To assess the effect of width and thickness of the tested Z-shaped connectors on their shear strength, the ratios of V r /V lb and V r /V ub are compared in Table 4 to eliminate the effect of differences in material properties of the Z-shaped connectors. Table 4 shows that the average V r /V lb and V r /V ub are 1.13 and 1.08, with 13.48% and 14.65% coefficients of variation, respectively. This means that on average, both V lb and V ub , calculated by Eq. (6) and (7), respectively, give conservative estimates of the shear strength of the tested Z-shaped steel plate connectors with decent accuracy. However, it is more convenient to explicitly calculate V lb as given by Eq. (6) than to find V ub by trial and error from Eq. (7).
The average V r /V lb and V r /V ub greater than 1.0 means that, on average, the shear strength of the connectors reached the theoretical plastic shear strengths. Therefore, the shear buckling of the connectors that was observed after the tests did not reduce the shear strength of the Z-shaped connectors. This means that the shear buckling occurred after yielding of the materials of the connectors; hence it was plastic shear buckling. This shear buckling formed a tension tie, which seems to have caused the residual shear strength of the Z-shaped connectors observed in their V-∆ v behavior (Fig. 5 ). Analytical results Table 3 shows the theoretical yield shear strengths of connectors based on the simplified plate model V y,VM for all connector groups using Eq. (2), and Fig. 5 plots them over the experimental V-∆ v graphs. Because the experimental V-∆ v graphs do not show distinct yield points, the theoretical yield shear strengths are compared with the experimental maximum shear strengths V r . To eliminate the effect of difference in material properties of the Z-shaped connectors on their shear strengths, the ratios V r /V y , VM of the connector groups are compared ( Table 4) . The average V r /V y , VM for all connector groups is 1.21 with a 13.49% coefficient of variation (Table 4) . Thus V y , VM calculated by Eq. (2) gives a conservative estimate of the shear strength of the tested Z-shaped steel plate connectors. Nonetheless, this equation assumes a linear distribution of normal stresses across connector width under in-plane bending moments, which is valid for Bernoulli beams with lengthto-width ratios greater than about 10. The unembedded parts of the connectors' webs in these tests had length-towidth ratios less than 1.33. Table 3 shows the initial shear stiffness of Z-shaped connectors using the simplified plate model K pl , and Table 4 compares it with the experimental secant shear stiffness of the connectors K exp . The average K exp /K pl for all the connector groups is 0.20 with a 16.94% coefficient of variation (Table 4 ). The average value of 0.20 for K exp /K pl means the simplified plate model overestimates the shear stiffness. This is because K pl is the theoretical initial shear stiffness of the plate model and does not account for the effect of concrete cracking around connector-concrete connections and connector-concrete debonding on the shear stiffness of the Z-shaped connectors. This simplified model can be adopted to roughly estimate the secant shear stiffness of the Z-shaped steel plate connectors as 0.20K pl with a 16.94% error. However, Eq. (3) assumes a linear distribution of normal stresses along the width of the connector, which is not theoretically valid for the tested connectors with a small length-to-width ratio. 
Conclusion
The shear response of interlayer mechanical connectors significantly affects the out-of-plane behavior of insulated concrete panels. In this study, the shear behavior of Z-shaped steel plate connectors used in insulated concrete panels was investigated using 11 push-off shear tests on four types of Z-shaped steel plate connectors. These experimental results were compared with two theoretical models to evaluate the effect of the width and thickness of the Z-shaped connectors on their shear strength and stiffness. The Z-shaped steel plate connectors tested in this study had widths between 3.0 and 6.0 in. (76 and 152 mm) and thicknesses between 0.0579 and 0.127 in. (1.47 and 3.22 mm). The following conclusions and recommendations are valid within these limited widths and thicknesses.
The shear strength and stiffness of Z-shaped connectors with high thickness-to-width ratios is adversely affected by the behavior of the connector-concrete connection. Thus, increasing the width of Z-shaped steel plate connectors improves their shear strength and stiffness more efficiently than increasing the thickness of the connectors.
A simplified plate model is proposed to estimate the shear strength of the Z-shaped steel plate connectors. In this model the connectors' web is considered to be a rectangular plate between two concrete layers. The shear strength of these connectors can be estimated using the lower-and upper-bound plastic shear strengths of the connectors' webs based on the full plastic section of the web using the Tresca yield criterion. The lower-bound plastic shear of the Z-shaped connector decreases as the thickness is increased. As explained previously, this might be attributed to intensive concrete cracking at the connector-concrete connection due to increased connector thickness t. Increasing connector thickness improves the shear strength of the connector's web but does not improve the resistance of the connector-concrete connection against the pull-out effect of the Z-shaped connector. This intensifies concrete cracking around the connector-concrete connection, reducing the capacity of the connection to transfer forces to the concrete layer. Thus, the shear strength of Z-shaped connectors with high t/W is affected by the connector-concrete connection. Table 3 gives the initial shear stiffness of the connectors using the tension tie model K tie , and Table 4 compares it with the experimental secant shear stiffness of the tested connector groups K exp . The average K exp /K tie for the tested connector groups is 0.31 with a 14.53% coefficient of variation, which shows that the secant shear stiffness of the tested Z-shaped steel plate connectors can be estimated as a 0.31 ratio of K tie with a 14.53% error (Table 4) . Because K tie is the initial shear stiffness of the connector using the strength is more convenient to calculate and thus is recommended to predict the shear strength of the Z-shaped steel plate connectors.
Under shear loading, the tested connectors experienced shear buckling and formed a tension-field action similar to plate girders. The tested connectors, however, reached the theoretical lower-bound plastic shear strength. This means that the shear strength of the tested Z-shaped connectors was not affected by shear buckling.
The observed shear buckling of the Z-shaped connectors was adopted to develop a tension tie model to predict the secant shear stiffness of the connectors. This model estimated the secant shear stiffness of the tested Z-shaped steel plate connectors with good accuracy. Thus, this model is recommended to estimate the secant shear stiffness of this connector system. For this, the width of the tension tie can be calculated using the lower-bound shear strength. This width should then be used to estimate the initial shear stiffness of the connector, which is the lateral stiffness of the tension tie. The secant shear stiffness of the tested connectors was found to be on average 0.31 times the lateral stiffness of the tension tie. 
